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 1. Abstract 
 
Rising energy costs, stronger environmental regulations, and increased public awareness of 
climate change has pushed industries to pursue renewable means of energy production. 
Anaerobic digestion is an effective method of obtaining energy in the form of biogas (mainly 
hydrogen and methane) from various waste products. Brazil is the largest exporter of orange 
juice in the world and exported 1.2 million tons of orange juice in 2012 . About half of the 1
orange is discarded as waste during juice production including the seeds, peels, and pulp. 
Therefore, a significant economic and environmental benefit could be realized by repurposing 
these byproducts. The objective of this pilot experiment was to determine the feasibility of 
implementing two stage anaerobic digestion of orange peels for use in the fruit juice industry. 
The reactors in this experiment were fed in a semi-batch configuration and were sampled every 
3-4 days. Samples were analyzed for Total Solids, Volatile Solids, COD, Ammonia, and 
Alkalinity. The performance of the reactor was evaluated based on these parameters in addition 
to biogas composition and volume.  
The findings from this experiment indicated a successful pilot trial for the methanogenic reactor 
which produced a high methane and gas volume yield. The VS and COD reduction percentages 
in both reactors were also promising. However, the acidogenic reactor produced extremely low 
amounts of hydrogen far less than those expected. High spikes of oxygen alternating with carbon 
dioxide spikes were observed during the start-up period of the experiment. Alkalinity levels in 
the acidogenic reactor indicated insufficient buffering capacity in the acidogenic reactor. 
Additionally, the ammonia levels in both reactors were very low which could have contributed to 
the low hydrogen production in the acidogenic reactor.  
A possible solution to improve the performance of the system could be to mix the orange peel 
substrate with another substance. Codigestion could improve alkalinity and ammonia levels in 
both reactors in part by correcting the high C/N ratio of the orange peel substrate. Alternatively, 
the acidogenic reactor could be operated at a slightly higher pH to boost the alkalinity and 
attempt to better stabilize the operating conditions.  
 
2. Introduction  
Food Waste is an important issue facing many developed and developing countries. It it is 
estimated by the World Resources Institute (WRI) Brazil, that the country produces 41,000 tons 
1  ​ ​Jeffrey T. Lewis, In Brazil, Farmers Ripping Out Orange Trees, ​Wall Street Journal​ (June 13, 2013) 
of food waste per year.  There is a large orange juice industry in Sao Paulo and food waste 2
including orange peels from processing facilities is currently being dumped into landfills. Maria 
Paula et al. seek to evaluate the possibility of using anaerobic digestion to produce methane and 
hydrogen from the byproducts of orange juice production that would otherwise go to waste. 
Nathia-Neves et al. previously studied and published findings on two-stage anaerobic 
co-digestion under mesophilic (moderate) conditions used to produce hydrogen and methane 
from restaurant food waste and vinasse (a byproduct of the ethanol industry). The goal of this 
experiment was to apply a similar method using a substrate of orange peels. 
Anaerobic digestion includes multiple biological processes where microorganisms break down 
organic matter in the absence of oxygen. The main product of value produced from this process 
is biogas. Biogas consists of mainly methane and hydrogen with a small amount of CO​2​. It has a 
high heat content and can be used as fuel for plant boilers in industry. Additionally, anaerobic 
digestion produces a nutrient rich digestate or “AD effluent” that is useful for soil enrichment. 
There are no waste products of anaerobic digestion as every end product has a beneficial use. 
There are three stages of anaerobic digestion including hydrolysis, acidogenesis, and 
methanogenesis. Hydrogen ​ ​is generated during the hydrolytic and acidogenic stages while 
methane is generated during the methanogenesis stage. 
In single stage anaerobic treatment, all three steps of the degradation reaction occur in the same 
reactor. In a two stage anaerobic digester, the hydrolysis step occurs in the first reactor and the 
acetogenesis and methanogenesis steps occur in the second reactor. This is achieved by altering 
the conditions of the reactors to make them more favorable to the specific types of bacteria that 
catalyze the desired reaction. 
The objective of this project is to evaluate the feasibility of implementing two stage anaerobic 
digestion in the fruit industry by analyzing how much methane and hydrogen can be generated, 
and energy produced. 
3. Background 
3.1 Anaerobic Digestion 
Anaerobic digestion is a natural process where organic matter is broken down by 
microorganisms without oxygen. Common materials used in anaerobic digestion include animal 
manure, food wastes, grease and oils, and sewage sludge. The biogas that is produced from 
anaerobic digestion can be used to power engines and produce heat and electricity. Low quality 
biogas can be used in internal combustion engines with a relatively low efficiency. However, 
biogas can be scrubbed of carbon dioxide and other trace contaminants to increase its value and 
to prepare for use in high efficiency engines. The digestate or anaerobic digestion effluent can be 
2 ​“A receipt to reduce food waste”https://wribrasil.org.br/en/blog/2017/09/receipt-reduce-food-loss-and-waste 
repurposed as fertilizer, soil amendments, and livestock bedding. Anaerobic digestion tends to be 
extremely cost effective due to the relatively large amount of energy that is able to be produced 
and its low environmental impact. 
3.1.1 Chemical Process 
There are four steps in anaerobic digestion. These include hydrolysis, acidogenesis, acetogenesis, 
and methanogenesis. The hydrolysis reaction can be written as Equation 1 using the approximate 
chemical formula  for the mixture of organic waste. In hydrolysis, extracellularH OC6 10 4  
enzymes that are produced by hydrolytic microorganisms such as amylase, cellulase, lipase and 
protease break down organic polymers into elementary soluble monomers. The resulting organic 
compounds from the hydrolysis reaction include amino acids from proteins, long and short chain 
fatty acids from lipids, and monomeric sugars from carbohydrates. The hydrolysis step is 
regarded as the rate limiting step in anaerobic digestion of solid organic waste and can be written 
as Equation 1.  3
 
In the acidogenic step, the compounds produced by the hydrolysis step are then converted by 
fermentative acidogenic bacteria to a mixture of volatile fatty acids (VFA’s). These VFA’s 
include acetic, propionic, and butyric acids and other minor products such as carbon dioxide and 
hydrogen sulfide.  The acidogenic step is the fastest step in anaerobic digestion and can be 4
written as Equations 2 and 3. 
 
In the acetogenic step, the VFA’s produced in the acidogenic step are converted by the 
acetogenic bacteria to acetate, carbon dioxide, and hydrogen. Various bacteria contribute to 
acetogenesis including ​Syntrophobacter wolinii​, a bacterium that decomposes propionate as well 
as ​Syntrophomonos wolfei​, a bacterium that decomposes butyrate.  The acetogenesis reaction can 5
be written as Equation 4.  
 
Lastly, the methanogenic step produces methane gas using various intermediate products from 
previous steps of anaerobic digestion including carbon dioxide, hydrogen, and acetic acid. The 
bacteria involved in methanogenesis include ​Methanobacterium, Methanobacillus, 
Methanococcus, and Methanosarcina.  Overall, in the process of anaerobic digestion, these 6
methanogenic bacteria are more sensitive to changes in operational parameters than hydrolytic 
3 ​Adekunle, K. and Okolie, J. (2015) A Review of Biochemical Process of Anaerobic Digestion. ​Advances in Bioscience and Biotechnology​, 6, 
205-212. doi: ​10.4236/abb.2015.63020​. 
4 ​Adekunle, K. and Okolie, J. (2015) A Review of Biochemical Process of Anaerobic Digestion. ​Advances in Bioscience and Biotechnology​, 6, 
205-212. doi: ​10.4236/abb.2015.63020​. 
5 ​Adekunle, K. and Okolie, J. (2015) A Review of Biochemical Process of Anaerobic Digestion. ​Advances in Bioscience and Biotechnology​, 6, 
205-212. doi: ​10.4236/abb.2015.63020​. 
6 ​Adekunle, K. and Okolie, J. (2015) A Review of Biochemical Process of Anaerobic Digestion. ​Advances in Bioscience and Biotechnology​, 6, 
205-212. doi: ​10.4236/abb.2015.63020​. 
and acidogenic bacteria.  Common reactions that occur in methanogenesis are written as 7
Equations 5, 6, 7, and 8.  
 
Table 1: Stages and Reactions in Anaerobic Digestion 
 
Stage Reaction Eqn. Number 
Hydrolysis H O  H O H O  C6 10 4 + 2 2 → C6 12 6 + H2  1 
 
Acidogenesis 
H O CH CH OH  2COC6 12 6 ↔ 2 3 2 +  2
   2 
H O H CH CH COOH  H O  C6 12 6 + 2 2 ↔ 2 3 2 + 2 2  3 
Acetogenesis H CH COOH H O H COOH  CO HC 3 2 + 2 2 ↔ C 3 +  2 + 3 2 4 
 
 
 
Methanogenesis 
CH CH OH  O  CH COOH  H  2 3 2 + C 2 ↔ 2 3 + C 4  5 
H COOH  CO  CH CO  C 3 +  2 ↔  4 + 2 2  6 
H OH  H O  C 3 + H2 ↔ C 4 + H2  7 
O H H H O  C 2 + 4 2 ↔ C 4 + 2 2  8 
 
3.2 Two Stage Anaerobic Digestion 
The theory behind two stage anaerobic digestion is to optimize conditions for different steps of 
the anaerobic digestion process in order to enhance the yield and composition of biogas. In single 
stage anaerobic digestion, the operating conditions are generally optimized to generate the 
highest production of methane. Usually single stage reactors produce only negligible amounts of 
hydrogen but two stage configurations can be used to achieve the sequential production of 
hydrogen and methane. The two stage configuration also allows for greater control over the 
digestion process. In two stage anaerobic digestion, conditions for hydrolysis, acidogenesis, and 
acetogenesis are typically optimized in one reactor while conditions for methanogenesis are 
optimized in the second reactor. Advantages of two stage anaerobic digestion include better pH 
control, higher stability, a higher methane yield, and increased reduction of volatile solids. 
Disadvantages of two-stage anaerobic digestion can include higher capital and operational costs.  
7 Babaei, Azadeh & Shayegan, Jalal. (2011). Effect of Organic Loading Rates (OLR) on Production of Methane from Anaerobic Digestion of 
Vegetables Waste. 411-417. 10.3384/ecp11057411. 
3.3 Effect of Operational Parameters on Anaerobic Digestion 
Various operational parameters impact the performance of anaerobic digesters. These parameters 
include the reactor configuration, sample procedure, temperature, organic loading rate, substrate 
composition, pH and hydraulic retention time. 
3.3.1 Reactor Configuration and Water Content 
Two of the most common reactor types for anaerobic digestion include CSTR and batch 
configurations. In a continuous reactor, there is a constant input of feedstock to the reactor and 
reactions occur at approximately the same rate. In a batch reactor, there are distinct stages to the 
process. Advantages of a continuous reactor include that the reactor volume is more heavily 
utilized. An advantage to a batch process is that the removed material should be completely 
digested where in continuous processes, oftentimes partially digested material is removed from 
the reactor.  
 
The water content of the reactor is also an important parameter in anaerobic digestion. Anaerobic 
digestion systems can be classified as either wet or dry with wet anaerobic digestion systems 
having a Total Solids (TS) content of less than 15% and dry systems having a TS of greater than 
15%. Water is essential to anaerobic digestion since it acts as a buffering agent and it fosters 
microbial growth.  The addition of water is also important for industrial scale AD so that the 8
mixture can be pumped. Challenges with dry anaerobic digestion include retarded mass transfer 
as a result of limited mixing.  
3.3.2 Temperature 
Temperature is considered one of the most important parameters affecting anaerobic digestion. It 
has a strong influence on the level of activity of various enzymes and coenzymes. Anaerobic 
digestion typically is conducted under three different temperature ranges, psychrophilic 
(10-20°C), mesophilic (20-45°C), and thermophilic (50-65°C). Mesophilic anaerobic digestion is 
currently the most popular since these conditions work with a wider range of substrates. A 
temperature of 35°C under mesophilic conditions is shown to produce higher methane gas yields 
and COD efficiencies.  Anaerobic digestion at a higher temperature has other advantages 9
including faster digestion, reduced vessel size, decreased system cost, and a more organically 
stable effluent. The greatest disadvantage of thermophilic anaerobic digestion is that there is a 
8 Richa Kothari, A.K. Pandey, S. Kumar, V.V. Tyagi, S.K. Tyagi,“Different aspects of dry anaerobic digestion for bio-energy: An overview”, 
Renewable and Sustainable Energy Reviews,Volume 39, 2014, Pages 174-195, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2014.07.011. 
(http://www.sciencedirect.com/science/article/pii/S1364032114004638) 
9 Budiastuti H, Widyabudiningsih D, Kurnia D R D 2017 temperature effect towards methane gas production and performances of anaerobic 
fixed bed reactors Mat. Sci. and Eng. 162 pp 1-6  
greater risk of failure. This is why thermophilic anaerobic digestion is often used in highly 
controlled, large scale industry operations.   10
3.3.3 Carbon to Nitrogen Ratio (C/N)  
The ratio of carbon to nitrogen in the substrate also has an effect on the outcome of anaerobic 
digestion. Optimal C/N ratios range between 20 and 30.   A too high C/N ratio can result in a 11
lower methane yield since the methanogenic bacteria consume the existing nitrogen too quickly. 
A too low C/N ratio can cause the accumulation of Ammonia and a resulting increase in pH. As 
temperature increases, the optimal C/N ratio increases since higher temperatures increase the 
likelihood of ammonia inhibition. For agricultural waste, a C/N ratio ranging from 22-25 at 
mesophilic conditions is considered optimal.   12
3.3.4 pH  
 A factor identified as being essential to the success of pilot runs is that that an optimal pH is 
maintained throughout the system. The pH of an anaerobic digestion system can be controlled by 
the addition of an acid or base or can stabilize by having sufficiently high carbonate and 
ammonium levels as these are natural pH buffers. There are separate optimal pH values for the 
various stages of anaerobic digestion. The methanogenic bacteria are especially sensitive to 
acidic pH which can inhibit their growth. It was determined by Huber et al. that the best pH for 
the methanogenic process lies around 7.0.  For the acidogenic and hydrolysis stages, optimal pH 13
ranges are lower and range from 5.5 to 6.5 as established by Kim et al.   14
3.3.5 Hydraulic Retention Time and Organic Loading Rate 
The Hydraulic Retention Time (HRT) of the anaerobic digestion process is how long a substrate 
resides in the digester and is equal to the volume of the reactor divided by the flow rate leaving 
the reactor as seen below in Equation 9. HRT affects the microbial load and nutrient content of 
the effluent as well as the biogas yield. Optimal HRT’s for anaerobic digestion depend on the 
rate of decomposition of the raw materials. For a given Organic Loading Rate (OLR) a longer 
HRT will result in a bigger digester and higher capital costs.  15
10 Budiastuti H, Widyabudiningsih D, Kurnia D R D 2017 temperature effect towards methane gas production and performances of anaerobic 
fixed bed reactors Mat. Sci. and Eng. 162 pp 1-6  
11 ​Wang, Xiaojiao et al. “Effects of temperature and carbon-nitrogen (C/N) ratio on the performance of anaerobic co-digestion of dairy manure, 
chicken manure and rice straw: focusing on ammonia inhibition” ​PloS one​ vol. 9,5 e97265. 9 May. 2014, doi:10.1371/journal.pone.0097265 
12 ​Wang, Xiaojiao et al. “Effects of temperature and carbon-nitrogen (C/N) ratio on the performance of anaerobic co-digestion of dairy manure, 
chicken manure and rice straw: focusing on ammonia inhibition” ​PloS one​ vol. 9,5 e97265. 9 May. 2014, doi:10.1371/journal.pone.0097265 
13 Huber H, Thomm M, Konig H, Thies G, Stetter KO. Methanococeus hermolithotrophicus, a novel thermophilic lithotrophic methanogen. Arch 
Microbiol 1982;132:47–50. 
14 Kim J, Park C, Kim TH, Lee M, Kim S, Kim SW, et al. Effects of various pretreatments for enhanced anaerobic digestion with waste activated 
sludge. J Biosci Bioeng 2003;95:271–5. 
15 ​Manyi-Loh, Christy E et al. “Microbial anaerobic digestion (bio-digesters) as an approach to the decontamination of animal wastes in pollution 
control and the generation of renewable energy” ​International journal of environmental research and public health​ vol. 10,9 4390-417. 17 Sep. 
2013, doi:10.3390/ijerph10094390 
 
                                                  Equation 9τ = F eed Rate
Reactor Liquid V olume  
The Organic Loading Rate (OLR) also influences the amount and quality of biogas produced. 
OLR can be expressed as the amount of volatile solids fed to the system daily as seen below in 
Equation 10. The OLR should be optimal when the COD of the system remains constant over 
time.  
                          Equation 10LRO = Reactor Liquid V olume
Daily F low Rate  V olatile Solids Concentration*  
An organic loading rate that is too high can cause the biogas yield and the rate of volatile solids 
reduction to decrease. This is because it can lead to accumulation of Volatile Fatty Acids (VFAs) 
which can lead to acidification and reactor failure.  16
 
3.4 Potentials and Challenges of Orange Peel Substrate 
The fruit juice industry is very large in Brazil, especially its orange juice industry where it is the 
largest supplier in the world.  This suggests that if anaerobic digestion of orange peels could be 17
applied large scale in industry, the amount of money saved, renewable energy produced, and 
biomass prevented from being landfilled could be extremely significant. However, in regard to 
methane generation potential of orange peels, that from fruit and vegetable waste tends to be 
lower than other types of food waste. Fats, oils, and greases have the highest methane potential 
of up to 1.1 m​3​CH​4​/kgVS​added​. Fruit and vegetable waste has a much lower methane yield of 
0.16-0.35  m​3​CH​4​/kgVS​added​ . This is because the methane potential for lipids is much higher than 
for that of carbohydrates and proteins. Additionally orange peels are highly acidic, which is 
significant since lower pH values have a negative impact on anaerobic digester performance 
since they expend digester alkalinity.  18
A high carbon to nitrogen ratio (C/N) is important to anaerobic digestion, a C/N ratio of between 
20 and 30 is considered superior for anaerobic digestion.  Citrus waste has a very high C/N ratio 19
of 45. This poses a challenge since this is well outside the optimal range of C/N ratios. However, 
since orange peels have a high C/N ratio, the Total Ammonia Nitrogen (TAN) is expected to be 
low as is the likelihood of ammonia inhibition. 
16 Babaei, Azadeh & Shayegan, Jalal. (2011). Effect of Organic Loading Rates (OLR) on Production of Methane from Anaerobic Digestion of 
Vegetables Waste. 411-417. 10.3384/ecp11057411. 
17 ​ ​Jeffrey T. Lewis, In Brazil, Farmers Ripping Out Orange Trees, ​Wall Street Journal​ (June 13, 2013) 
18 Fuqing Xu, Yangyang Li, Xumeng Ge, Liangcheng Yang, Yebo Li, Anaerobic digestion of food waste – Challenges and opportunities, 
Bioresource Technology, Volume 247, 2018, Pages 1047-1058, ISSN 0960-8524, https://doi.org/10.1016/j.biortech.2017.09.020. 
(http://www.sciencedirect.com/science/article/pii/S0960852417315687) 
19 ​Wang, Xiaojiao et al. “Effects of temperature and carbon-nitrogen (C/N) ratio on the performance of anaerobic co-digestion of dairy manure, 
chicken manure and rice straw: focusing on ammonia inhibition” ​PloS one​ vol. 9,5 e97265. 9 May. 2014, doi:10.1371/journal.pone.0097265 
3.5 Characterization Parameters 
Total Solids (TS), Volatile Solids (VS), Chemical Oxygen Demand (COD), Alkalinity, and 
Ammonia are all parameters that are important for evaluating the efficiency of microbial activity 
in the degradation of organic matter. 
 
3.5.1 Total and Volatile Solids 
The Total Solids (TS) content is the total dry matter in a sample and is the sum of the volatile 
solids and the inert solids that pass through the digesters. The Volatile Solids (VS) content is a 
measure of the organic biodegradable content that contributes to biogas production. Additionally, 
the effectiveness of an anaerobic digester is partially measured by the extent of VS reduction. In 
a two stage anaerobic digestion experiment using a substrate of food waste and vinasse, a VS 
reduction of 64% was observed.   20
3.5.2 COD 
The Chemical Oxygen Demand (COD) is a measure of how much oxygen is required to oxidize 
all of the organic material in a sample into water and carbon dioxide. It is a way to measure the 
amount of organic material in a sample. There is a direct correlation between the COD and the 
Total Volatile Solids (TVS) content of a sample. The effectiveness of a digester is partially 
measured by the extent of COD degradation.  
 
 
3.5.3 Alkalinity 
A high alkalinity concentration results in greater digester stability due to a higher ability to resist 
pH changes. This is because carbonate is a natural buffer.  Typical alkalinity values for 
mesophilic digesters vary from 2500 to 5000 mg/L as CaCO​3​.  A decrease in alkalinity is often 21
followed by a drastic change in pH. Decreases in alkalinity are most often caused by an 
accumulation of VFA’s due to an inhibited methanogenic step that has failed to convert these to 
methane.  
20 ​ ​Grazielle Náthia-Neves; Thiago de Alencar Neves; Mauro Berni; Giuliano Dragone; Solange I. Mussatto; Tânia Forster-Carneiro. "Start-up 
phase of a two-stage anaerobic co-digestion process: hydrogen and methane production from food waste and vinasse from ethanol industry". 
Biofuel Research Journal​, 5, 2, 2018, 813-820. doi: 10.18331/BRJ2018.5.2.5 
21  ​Water Environment Federation. ​Design of Municipal Wastewater Treatment Plants​. WEF Press, 2010. 
3.5.4 Ammonia 
Ammonia is produced as nitrogenous organic matter is degraded. It exists in the form of NH​3 ​and 
the ammonium ion (NH​4​+​). Typical measurements for ammonia in mesophilic digesters range 
from 800 to 2000 mg/L​.  ​ ​Though ammonia is a nutrient essential for bacterial growth, it may 22
act as an inhibitor to anaerobic digestion systems at high concentrations. Ammonia greatly 
inhibits methanogenesis but only has a mildly negative effect on hydrolysis and acidogenesis.  23
 
4. Methodology 
4.1 Materials and Methods for Orange Peels Experiment 
In the pilot anaerobic digestion experiment that was performed using the substrate of orange 
peels, there were two reactors. Hydrolysis, acidogenesis, and acetogenesis occurred in the first 
reactor and methanogenesis occurred in the second reactor.  Samples were taken from each 
reactor periodically and were evaluated for target parameters.  
4.1.1 Reactor Configuration and Conditions 
In the experiments to be performed on orange peels,  two 4.3 L reactors were used; an acidogenic 
reactor and a methanogenic reactor. The substrate was orange peels saturated with water 
obtained from the juice manufacturer CitrusJuice and the inoculum was from AmBev, a 
Brazilian brewing company’s, anaerobic digesters. These reactors were operated under a 
semi-batch configuration and a temperature of 35°C (mesophilic conditions). This temperature 
was kept constant by a thermostatic bath. The reactors were each stirred for five minutes after 
being fed. The acidogenic reactor was kept at a pH of 5-6 and the methanogenic reactor was held 
at a pH of 7-8. The addition of NaOH and HCl were used to control the pH. 
22  ​Water Environment Federation. ​Design of Municipal Wastewater Treatment Plants​. WEF Press, 2010. 
23 Effects of Ammonia on Anaerobic Digestion of Food Waste: Process Performance and Microbial Community, Hong Chen, Wen Wang, Lina 
Xue, Chang Chen, Guangqing Liu, and Ruihong Zhang, Energy & Fuels 2016 ​30​ (7), 5749-5757 ​DOI: 10.1021/acs.energyfuels.6b00715 
  
Figure 1: Two Stage Reactor Configuration 
4.1.2 Reactor Composition 
Of the 4.3 liters, 40% (1.72 liters) were left empty to leave room in the reactor for the formation 
of biogas while 60% (2.58 liters) of the reactor was a mixture of wetted orange peel substrate, 
inoculum, and water. Orange peels composed 35% of the mixture for a total volume of 903 mL, 
while water composed 39% of the mixture for a total volume of 1,006 mL. The inoculum 
composed 26% of the mixture for a total volume of 671 mL. An orange peel composition of 35% 
was chosen since it was the highest substrate percentage that would still be easy to mix in the 
reactor. A greater percentage of substrate is preferable since this will cause more biogas to be 
produced however, the substrate composition should not be so great that adequate mixing cannot 
occur. 
 
 
Figure 2: Left: Mixture Compositions with Various Percentages of Substrate 
Right: Sample Mixture of Composition used in Reactors (35% solids) 
 
4.1.3 Sampling Methodology 
Analyses of target parameters were conducted on samples from both reactors every three or four 
days. However, the reactor was fed every working day. On each working day except for 
sampling days, a total volume of 100 mL with 35 mL of orange peels saturated with water and 
65 mL of additional water was added to the acidogenic reactor. This resulted in an OLR of 1.49 
gVS/(L·d) to the acidogenic reactor. 
 
A volume of 100 mL from the mixture in the acidogenic reactor was then transferred to the 
methanogenic reactor after a volume of 100 mL from the methanogenic reactor was removed and 
discarded. This feed rate resulted in a HRT of 25.8. The resulting OLR to the methanogenic 
reactor was considerably less than that of the acidogenic reactor.  
 
 
 
Figure 3: Feed Schematic for Non-Sampling Workdays 
 
On the sample day, samples of 35 mL were taken from the mixtures in both the acidogenic and 
methanogenic reactors. To ensure that the HRT remained the same on this day, a total volume of 
150 mL consisting of 52.5 mL of orange peels saturated with water and 97.5 mL of additional 
water was added to the acidogenic reactor. A volume of 150 mL was then taken from the mixture 
in the acidogenic reactor. A volume of 35 mL was used as a sample from the acidogenic reactor. 
A volume of 115 mL was then removed from the methanogenic reactor of which 35 mL was 
used as a sample. Lastly, the remaining 115 mL from the acidogenic reactor sample was 
transferred into the methanogenic reactor. 
 
 
Figure 4:  Sampling Day Feed Schematic 
 
4.2 Characterization of Mixture 
The mixture samples taken from the reactors were analyzed for parameters such as Total Solids 
(TS), Total Volatile Solids (TVS), Chemical Oxygen Demand (COD), Alkalinity, and Ammonia. 
All samples were analyzed in triplicate. These parameters are important for evaluating the 
efficiency of microbial activity in the degradation of organic matter and the effectiveness of the 
pilot experiment. 
4.2.1 Total Solids (TS) 
To determine the Total Solids (TS) composition of the mixture, a crucible was weighed on a 
scale and a mass of approximately 2 g of solution was placed into the crucible. The sample was 
then placed in the oven at 105°C and left for twelve hours. The weight of the sample was then 
weighed again and the TS was calculated using the formula below where P​1​ is the weight of the 
dried sample and crucible, P​0​ is the weight of the crucible, and P​sample​ is the weight of the sample.  
 
 
                                    Equation 11S [g/kg] 000T = P sample
P −P1 0 * 1  
 
4.2.2 Volatile Solids (VS)  
To determine the Volatile Solids (VS) composition of the mixture, the crucible after being dried 
in the oven for measurement of TS, was left in the Muffle Furnace at 550°C for two hours to 
ignite. The Volatile Solids was calculated using the formula below where P​2​ is the weight of the 
sample after ignition, P​1​ is the weight of the sample after drying, and P​sample​ is the weight of the 
initial sample .  
 
                                   Equation 12S [g/kg] 000V = P sample
P −P2 1 * 1  
 
4.2.3 Chemical Oxygen Demand (COD) 
To prepare the sample for analysis, 5 g of the reactor sample was added to a 250 mL Erlenmeyer 
flask. The flask was then filled to the 50 mL mark with deionized water. This mixture was then 
placed in a shaker at 25°C and 200 rpm for one hour. After the diluted sample was thoroughly 
mixed, the mixture was poured through funnel containing a layer of cotton into another 
Erlenmeyer flask to remove solid particles. A Buchner funnel was used then used with a vacuum 
to create a vacuum filtration apparatus to further filter solid particles out of the sample. At the 
end of the process, the liquid sample was separated from the total solids.  
 
To analyze for the COD, HACH tubes were wiped and 2.5 mL of the diluted sample was put into 
the tubes. 1.5 mL of digestive solution and 3.5 mL of catalytic solution was also added. These 
HACH tubes were then placed in the HACH COD reactor for 150 °C for two hours. The tubes 
were then left to cool in the dark. The absorbance in the spectrophotometer (DR/4000, Hatch) 
was then read. A blank was also made to reset the equipment. 
 
 
Figure 5: Samples in Hatch COD Reactors 
 
The spectrophotometer gives values of the absorbance which are then converted to grams per 
liter of COD using the slope equation as determined by the calibration curve. This value was 
then corrected to account for the dilution of the sample by multiplying the COD result by ten.  
 
The calibration curve was created by determining the absorbance values of multiple mixtures 
using the same procedure above. These mixtures were prepared from a solution with a known 
COD concentration that were diluted with various volumes of deionized water.  
 
4.2.4 Alkalinity 
To determine the Alkalinity of the sample, 5 g of the sample was placed into a Erlenmeyer flask. 
The flask was then filled to the 50 mL mark with deionized water. This mixture was then placed 
in a shaker at 25°C and 200 rpm for one hour.  
 
After this sample was adequately mixed, 10 mL of diluted sample was placed in a beaker. The 
magnetic bar was placed in the beaker and the beaker was placed on the magnetic stirrer. The pH 
electrode was then immersed in the sample and the solution was titrated with 0.02 M H​2​SO​4​ until 
the sample reached a pH of 8.3. The volume spent as then used to calculate the alkalinity as in 
the equation below. 
 
CaCO​3 ​[mg/L]= [M​H2SO4​*V​1H2SO4​ *50000]/V​sample                                       ​Equation 13 
4.2.5 Ammonia 
To determine the Ammonia content of the sample, 5 g from each reactor’s sample was poured 
into a 250 mL Erlenmeyer flask along with 50 mL of deionized water. This mixture was then 
placed in the shaker at 25°C and 200 rpm for one hour. After the diluted sample was thoroughly 
mixed, the mixture was poured through funnel containing a layer of cotton into another 
Erlenmeyer flask to remove solid particles. A Buchner funnel was used then used with a vacuum 
to create a vacuum filtration apparatus to further filter solid particles out of the sample. At the 
end of the process, the liquid sample was separated from the total solids.  
 
Next, 5 mL of the resulting solution was added to a beaker along with 5 mL of a Borate buffer. 
The pH was measured and adjusted to 9.5 using a 0.5 M NaOH solution. This solution was then 
transferred to a Kjedahl digestion buffer tube.  
 
Lastly, 10 mL of absorbing solution of boric acid were added to a 250 mL Erlenmeyer flask and 
the tube was then connected with the sample to the Kjedahl Nitrogen Distiller. The boiler heating 
was connected and it was made sure that the distillate was collected. The resulting solution in the 
Erlenmeyer flask was then titrated with a 0.018 M sulfuric acid solution until the indicator turned 
pink. The total amount of ammonia as N was calculated as below in Equation 14 where A is the 
volume of H​2​SO​4​ added to the solution, B is the volume of H​2​SO​4​ added to the blank, M H​2​SO​4 
is the molarity of the sulfuric acid and V​sample​ is the volume of the sample.  
 
                                     Equation 14H3     N − N =  V sample
(A−B) 14 M* * H2SO4  
 
4.3 Characterization of Biogas 
4.3.1 Gas Composition 
The composition of the biogas was determined daily by a gas chromatograph (GC-2014,             
Shimadzu) containing a thermal conductivity detector (TCD) using nitrogen as a carrier gas. An              
inert nitrogen carrier gas at 5 bar was used as the mobile phase. The following chromatographic                
conditions were used: temperatures of the injection port and detector were both set to 200 °C; the                 
initial temperature of GC column was 50 °C (held for 3 min), and then increased by 5 °C.min-1                  
to 180 °C (held for 5 min); the sample volume injected was 0.5 mL; and N​2 was used as a carrier                     
gas (35 mL.min-1, 5 bar). The results were analyzed for hydrogen, carbon dioxide, methane, and               
oxygen gas as predicted products of anaerobic digestion. 
The identity and ratio of components were determined by the retention times and peak areas.               
Hydrogen, oxygen, methane, and carbon dioxide had approximate retention times at 3,7,16, and             
23 respectively. The area of the peak of a particular component divided by the total area of all                  
component peaks as measured by the gas chromatograph was determined to be the volume              
percent of the gas.  
 Figure 6: Sample Gas Chromatography Results  
4.3.2 Gas Volume 
Each day an amount of 600 mL of gas was removed from the reactor to relieve pressure. 
Additionally, the amount of gas in the bag was removed and measured. The total amount of gas 
produced was measured as the amount of gas removed from the bag.  
 
5. Results 
5.1 Total Solids and Volatile Solids 
In Figure 7, a steady decreasing trend is observed for total and volatile solids in both the 
acidogenic and methanogenic reactors. This indicates that the reactor had processed the starting 
load of orange peels and that the OLR might have been on the low end for ideal results. For the 
acidogenic reactor the VS reduction percentage was 54.2%. This was about average for for two 
stage anaerobic digestion. For the methanogenic reactor the VS reduction percentage was 54.7%, 
also in a robust range for anaerobic digestion. 
 
  
Figure 7: Left: Acidogenic Reactor Total Solids and Volatile Solids Content 
Right: Methanogenic Reactor Total Solids and Volatile Solids Content 
 
5.2 COD 
As seen below in Figure 8, the COD in both reactors decreases significantly throughout the 
experiment. The COD is a significant parameter as it indicates the extent of degradation of 
organic matter. The COD of the acidogenic reactor decreased from 8382.5 mg/L to 1626.3 mg/L 
for a total reduction of 80.6%. The COD of the methanogenic reactor decreased from 8382.5 
mg/L to 5807.5 mg/L for a total reduction of 30.7%. Differences in the reduction percentages can 
be attributed to the fact that the acidogenic reactor is fed food waste while the methanogenic 
reactor is fed material that has already been partially digested.  
 
 
Figure 8: Left: Acidogenic Reactor Chemical Oxygen Demand 
Right: Methanogenic Reactor Chemical Oxygen Demand 
 
5.3 Alkalinity 
As seen in Figure 9 below, the alkalinity of the acidogenic reactor was extremely low, ranging 
from 135.0 to 724.5 mgCaCO​3​/L.  This suggests that there is not sufficient buffering capacity of 
the reactor. The alkalinity in the acidogenic reactor was expected to be lower than that in the 
methanogenic reactor since it was operated at a lower pH. However, this low buffering capacity 
to protect against pH changes could explain some of the unexpected results in gas composition in 
the acidogenic reactor.  
  
 
 
 
Figure 9: Left: Acidogenic Reactor Alkalinity 
Right: Methanogenic Reactor Alkalinity 
 
The alkalinity of the methanogenic reactor can be also be seen in Figure 9. It was consistently 
within the normal range of 800-2000 mgCaCO​3​/L and was not as low as the alkalinity of the 
acidogenic reactor. These results suggest a sufficient buffering capacity to prevent abrupt pH 
changes, providing a high stability for the microorganisms. 
 
 
5.4 Ammonia 
The concentration of ammonia in both reactors were very similar and were relatively low. Higher 
ammonia concentrations were reported by other authors in two stage reactor experiments. 
Nathia-Neves et al. reported much higher levels of ammonia in the range of 1000-3000 mg 
N-NH​3​/L. Too low or too high ammonia concentrations can lead to a reduction in methane 
production. Optimal concentrations of ammonia tend to be between 2100 and 3100 mg 
N-NH3/L. Since the ammonia concentration in both reactors is extremely low, the methane 
production could have resulted in a lower yield than as predicted. 
 
 
Figure 10: Ammonia expressed in mg N-NH3/L in Acidogenic and Methanogenic Reactors 
 
5.5 Gas Composition 
The gas composition in the acidogenic reactor along the 46 days that the experiment was run is 
shown in Figure 11 below. The results below only show significant hydrogen production during 
the first five days and during the last two days.  
 
 
Figure 11: Gas Composition of Acidogenic Reactor 
 
During days eight to seventeen, large oxygen spikes alternating with large spikes in carbon 
dioxide were seen. Since such high spikes of oxygen were not expected, a sample containing air 
was used as a sample in the Gas Chromatograph to confirm that the compound assumed to be 
oxygen was not a different compound with a similar retention time.  
 
After it was confirmed that peaks were in fact oxygen, it was theorized that there was either an 
air leak or that a microorganism in the bacterial colony was producing oxygen. However, since 
nitrogen was being used as the carrier gas, it was impossible to determine if the amount of 
oxygen seen in the acidogenic reactor was higher that what is possible from air. It is also 
significant that the feeding procedures for both the acidogenic and methanogenic reactors were 
the same and that the methanogenic reactor only had minimal amounts of oxygen not greater 
than ten percent.  
 
 
Figure 12: Gas Composition of Methanogenic Reactor 
 
The methanogenic reactor produced results that were much more consistent of what was 
expected as shown in Figure 12. From day 22 onwards, the average composition of methane in 
the gas was approximately 59%. This was almost within the expected range of 60% to 70%. Low 
spikes of oxygen of up to ten percent were observed. These oxygen levels were drastically lower 
than those observed in the acidogenic reactor.  
  
5.6 Gas Volume 
 
The biogas yield from the acidogenic reactor was much greater than that of the methanogenic 
reactor and is shown below in Figure 13. The total gas yield at the end of the experiment was 
9260 mL for the acidogenic reactor and 4193 mL for the methanogenic reactor.  
 
Figure 13: Daily Gas Volume Acidogenic Reactor 
 
This results in a methane production of 2473.87 mL in the methanogenic reactor assuming an 
average methane percentage of 0.59.  
 
Figure 14: Daily Gas Volume Methanogenic Reactor 
 
5.7 Energy Production 
5.7.1 Acidogenic Reactor Energy Production 
The total amount of biogas produced over the duration of the experiment in the acidogenic 
reactor was 9260 mL. The average hydrogen concentration of this biogas was 4.3%. Though 
hydrogen has a higher energy value than methane, because of the low yield the energy generated 
in this experiment was negligible. Other experiments using two stage anaerobic digestion have 
seen hydrogen yields above fifty percent and have had significant energy production potentials. 
 
5.7.2 Methanogenic Reactor Energy Production 
Equations 15 and 16 below were used to calculate the electricity production potential of the 
methanogenic reactor. The total amount of biogas produced over the duration of the experiment 
was 4193 mL. The average methane concentration of this biogas was 0.59.  
 
                             ​Equation 15B [m /year]P = percentage of  methane in biogas
amount biogas produced (m3/year) 3  
 
 
                            ​Equation 16E 500 kcal/m P B [kcal/year]P = 5 3   *  =   
 
Based on the equations above, the methanogenic reactor was found to produce 1.868 MJ/year of 
energy.  
 
6. Conclusions  
The pilot phase of the two stage anaerobic digestion is promising due to parameters such as VS 
and COD reduction. The methanogenic reactor on its own shows favorable results due to a high 
methane and gas volume yield. The acidogenic reactor shows much less promising results in 
terms of hydrogen production but appears to have been compromised by strange microbial 
activity characterized by large oxygen spikes alternating with carbon dioxide spikes during the 
start up phase.  
 
Alkalinity in the acidogenic reactor as well as the ammonia concentration in both reactors should 
ideally be higher. A possible solution for this could be that another substance could be added to 
the substrate for codigestion. A possible substrate that could be mixed with orange peels could be 
animal manure or municipal waste. This would lower the high C/N ratio of the orange peel 
substrate. The acidogenic reactor may also be operated at a higher pH to boost the alkalinity to 
provide a better buffer against pH changes.  
 
7. Appendix 
Appendix A: TS and VS Calculations 
 
 
 
 
 
 
 
Appendix B: COD Calculations 
 
 

 
 
 
 
 
Appendix B: Alkalinity Calculations  
 
 
Appendix C: Ammonia Calculations 
 
 
Appendix C: Gas Composition Calculations 
 
 
 
Appendix C: Gas Volume Calculations 
 
 
Appendix C: pH Measurements 
 
 
 
 
 
